The multiconfiguration Dirac-Hartree-Fock method is applied to study the electron affinities of At and its homologous elements Cl, Br and I. Our method of calculation is validated through the comparison with the available experimental electron affinities of Cl, Br, I and other theoretical values. The agreement between our predicted electron affinities and the available experimental values for Cl, Br and I is within 0.2%, which is an improvement of more than a factor of 10 over previous theoretical studies. Applying the same method to At, the electron affinity of At is predicted to be 2.3729(46) eV. *
I. INTRODUCTION
Astatine, element 85, is the rarest naturally occurring element on earth with an estimated total abundance of less than one gram [1] . One of its longest-lived isotopes, 211 At, with a half-life of 7.2 hours, is of considerable interest as the most promising α-particle emitting radionuclides for targeted radiotherapy [2] [3] [4] [5] . The most important properties influencing its chemical behavior include the energy gained when an additional electron is attached to a neutral atom forming a negative ion, referred to as the electron affinity (EA).
Recently, the first electron affinity measurement of At was proposed but has not yet been realized [6] . Although the electron affinity of At had been calculated through the use of various theoretical methods, the reported theoretical values range from 2.110 eV to 3.183 eV [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Many methods are used -some use numerically determined orbitals obtained from a variational procedure, others an analytic basis, some are based on the Dirac-Coulomb Hamiltonian and others are variants of the Douglas-Kroll Hamiltonian [17] , some add other relativistic or QED corrections. Many of them were systematically calculated from Cl, Br and I to At, using the first 3 ions for which the experimental electron affinities are available to validate their approach. However, their calculated electron affinities of Cl, Br and I all differ from the experimental values by over 2%. Here we also start from Cl but try to predict a more accurate EA value for At using a fully relativistic numerical approach.
II. CALCULATION
In the present work, the variational multiconfiguration Dirac-Hartree-Fock (MCDHF)
method [18] implemented in the GRASP2K package [19] is adopted. The MCDHF method starts from a Dirac-Coulomb Hamiltonian H DC
where V i is the monopole part of the electron-nucleus interaction for a finite nucleus, r ij is the distance between electrons i and j, and α and β are the Dirac matrices. The nuclear density of a finite nucleus is a assumed to have a Fermi distribution function dependent on the mass of the isotope. The electron correlation effect is included by expanding our Atomic
where γ i represents all other quantum numbers needed to uniquely define the CSF. The
CSFs are four-component spin-angular coupled, antisymmetric products of Dirac orbitals of the form
The radial parts of the one-electron orbitals and the expansion coefficients c i of the CSFs are obtained by the relativistic self-consistent field (RSCF) procedure. Differential equations for the large and small components of the radial functions are determined from the variational principle for a stationary energy, stationary for all allowed perturbations. The latter include perturbations to negative energy states that satisfy bound-state boundary conditions. The equations are solved numerically.
In the present paper, the CSF expansions are obtained using the restricted active set (RAS) method [20, 21] , by allowing single and double (SD) substitutions from the reference configurations to an active orbital set. The configurations with wave function compositions above 0.2% are defined as our multireference (MR) set thereby including selected triple (T) and quadrupole (Q) excitations relative to the initial CSFs. In this study, electrons are divided into valence electrons and core electrons where only some of the latter are active in the SD process. If SD excitations from only the valence electrons are allowed, we can include the valence-valence (VV) correlation effect; if we allow for excitations from one valence electron and one core electron, the core-valence (CV) correlation effect is taken into account; if double excitations from core electrons are allowed, we can include the core-core (CC) correlation effect. To monitor the convergence of the calculated energies, the active sets are increased in a systematic way by adding layers of new orbitals.
The RSCF procedure determines the orbital basis. In this work, we separated CSFs into two spaces, the CSFs that are members of the MR set along with those that include only VV correlation define the zero-order space P , while all other CSFs (remaining CV or CC correlation) define the first-order space Q. With this separation, a first-order Hamiltonian 3 interaction matrix (H ZF ) can be defined in terms of four submatrices
where all interactions within the zero-order space and between the zero-and first-order space submatrices are included, but only the diagonal energies are included in H (QQ) . With this Hamiltonian, the orbital basis is defined by interactions with significant components of the wave function or valence correlation basis and greatly reduces the time required for building a correlation basis.
Each RCSF calculation is followed by a Relativistic Configuration Interaction (RCI)
calculation [22] , where the Dirac orbitals are kept fixed, and only the expansion coefficients of the CSFs were determined by finding selected eigenvalues and eigenvectors of the complete interaction matrix. In this procedure, the transverse photon interaction and leading quantum electrodynamic (QED) effects (vacuum polarization and self-energy) were included, where the transverse photon interaction is included in the low-frequency limit
the self-energy correction is obtained based on a screened hydrogenic approximation [23, 24] , the vacuum polarization correction is evaluated using the Uehling model potentials together with some higher order corrections [25] . All calculations were performed with the GRASP2K code [19] . The computational details are summarized in For subsequent Cl calculations, the excitations of electrons in the MR configurations are generally restricted to n ≤ 4, l ≤ 3 except that valence electrons in the main configuration 3s 2 3p 5 are allowed to be SD excited to n ≤ 9, l ≤ 6; one 2p electron and one valence electron are allowed to be SD excited to n ≤ 9, l ≤ 5. The number of CSFs in the final J = 1/2 and J = 3/2 state expansions are 84 442 and 171 957, respectively. Only the largest expansion size is included in Table I . The strategy of constructing the CSF list for Cl − is the same as for Cl, except for the electrons in the MR set and the main configuration 3s 2 3p 6 are allowed to be SD excited to n ≤ 5, l ≤ 3 and n ≤ 10, l ≤ 5, respectively. The final expansion includes 175 965 CSFs.
The calculated fine-structure splitting of 3s 2 3p 5 2 P 1/2,3/2 and the electron affinity of Cl are listed in table II. Our calculated fine-structure splitting agrees with the experimental value [26] by 0.3%. Two sets of EAs are provided, the first one, E n (Cl)−E n (Cl − ) (the ∆n = 0 EA), where E n labels the energy obtained when the ASF characterized by the maximum principal quantum number n is used, the second one, motivated by the fact that more orbitals are needed to represent the negative ion, E n−1 (Cl)−E n (Cl − ) (the ∆n = 1
EA). Table II shows that the former is increasing with n whereas the latter is decreasing. (29) a.u., this number differs from the experimental value 0.1327651(10) a.u. [27] by only 0.02%. 3p and 3d are considered as active core electrons, 3s and n = 1, 2 electrons are inactive core electrons, the other electrons in the MR configurations are considered as valence electrons.
VV correlation and CV correlations associated with 3d and 3p electrons are taken into account.
For Br, valence electrons in the main configuration 3d 10 4s 2 4p 5 are allowed to be SD excited to n ≤ 10, l ≤ 6; one 3p or 3d electron and one valence electron in the main configuration are allowed to be SD excited to n ≤ 10, l ≤ 5; the excitations of electrons in the remaining MR set members are restricted to n ≤ 4, l ≤ 3. For Br − , electrons in the MR set, including the main configuration 3d 10 4s 2 4p 6 , can be excited to n ≤ 5, l ≤ 3 and n ≤ 11, l ≤ 6, respectively. For I, valence electrons and 4d electrons in the main configuration 4d 10 5s 2 5p 5 are allowed to be SD excited to n ≤ 11, l ≤ 6 and n ≤ 11, l ≤ 5, respectively; one 4p electron and one valence electron in the main configuration are allowed to be SD excited to n ≤ 11, l ≤ 5; the excitations of electrons in the MR set are restricted to n ≤ 5, l ≤ 3. Here except for the CSFs generated by only valence electron excitations, the CSFs that arise from the 4d 0.11241788(1) [30] 0.1124176(4) [31] For I − , electrons in the MR set and the main configuration 4d 10 5s 2 5p 6 are allowed to be SD excited to n ≤ 6, l ≤ 3 and n ≤ 12, l ≤ 6 respectively. In addition to the CSFs generated by only valence electron excitations, the CSFs that arise from 4d 8 4f 2 5s 2 5p 5 , 4d 9 4f 5s 2 5p 5 5d
and 4d 9 4f 5s5p 6 6p configurations are also included in the zero order space of the RSCF process. The final expansion includes 440 018 CSFs.
The calculated fine-structure splitting of 4d 10 5s 2 5p 5 2 P 1/2,3/2 and electron affinity of I are listed in 5f 6s 2 6p 5 6d and 5f 6s6p 6 7p. Here 5p and 5d electrons are treated as active core electrons, 5s and the n = 1, 2, 3, 4 electrons are inactive core electrons, the other electrons in the MR configurations are treated as valence electrons. VV correlation, CV correlation associated with 5p and 5d electrons, and CC correlation associated with 5d electrons are taken into account.
Note that 5d and 5f electrons in reference configurations 5d 8 5f 2 6s 2 6p 5 , 5d 9 5f 6s 2 6p 4 6d and 5d 8 5f 2 6s 2 6p 6 , 5f 6s 2 6p 5 6d, 5f 6s6p 6 7p are kept inactive. The role of 5g orbitals was much smaller than that of 5f with an generalized occupation number of about 0.004 compare to 0.026 for 5f .
For At, valence electrons and 5d electrons in the main configuration 5d 10 6s 2 6p 5 are allowed to be SD excited to n ≤ 12, l ≤ 6 and n ≤ 12, l ≤ 5, respectively; one 5p electron and one valence electron in the main configuration are allowed to be SD excited to n ≤ 12, l ≤ 5;
the excitations of electrons in the MR set are restricted to n ≤ 6, l ≤ 3. The strategy of constructing the CSFs list for At − are the same as for At, except for electrons in the MR set and the main configuration 4d 10 5s 2 5p 6 are allowed to be SD excited to n ≤ 7, l ≤ 3 and Experimental values, when available are accurate to 5-6 significant digits, accuracy that theory has not been able to match so far. We can see from the Table VI and Figure 1 our uncertainty estimate. The largest difference in the two strategies is the fact that they used a general SDT strategy for including higher-order effects whereas our procedure for the definition of the MR set is adaptive in that it selectively includes certain triple-or quadruple (TD) correlation effects, relative to the main configuration. Also, their calculation was not a systematic calculation that could be extrapolated. Their value for the EA is close, in fact, to the ∆n = 1 value of Table V for n = 11.
Most of the other theoretical results are based on variations of the Douglas-Kroll Hamiltonian [17] , often a 2-component relativistic method, along with an analytic basis for orbitals.
No mention is made of the effect of a finite nucleus, Breit, or QED corrections. The theoretical EA values from Mitin et al. [13] and Roos et al. [14] are lower than our predictions by over 2%. The RECP+CCSD(T) EAs from Peterson et al. [15] for Br and I are overestimated by respectively 3% and 8%, and for At is higher than our prediction by 31%. The difference is probably due to the omission of CV/CC correlation and spin-orbit coupling effects. Although the RECP-ccCA values from Laury et al. [10] have included the above two effects, the EA for I is also overestimated by 5%, and for At is larger than our prediction by 34%.
It is interesting to note that, although the elements Cl, Br, I, and At are all group VIIA elements, the effect of correlation is not the same for every element as shown in Table I . As the n of the ns 2 np 5 configuration increases, the (n−1) shell acquires more unfilled subshells.
For I (n = 5), CC became important because of the strong interaction from the 4d 2 → 4f 2 .
For At (n = 6) , there are two unfilled subshells 5f, 5g but apparently only the 5d 2 → 5f 2 is strong, and so At is similar to I, but the role of 5g would increase for Uus.
IV. CONCLUSION
We report electron affinities of At and its homologous elements Cl, Br and I, by applying the MCDHF method. Our calculated electron affinities for Cl, Br and I agree with the available experimental values within 0.2%, which is a significant improvement over previous theoretical studies. Using a similar computational approach, our prediction of the electron affinity of At is 2.3729(46) eV, in which the digits in the parentheses represent the extrapolation uncertainty. 
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